Abstract: Remanufacturing can bring considerable economic and environmental benefits such as cost saving, conservation of energy and resources, and reduction of emissions. With the increasing awareness of sustainable manufacturing, remanufacturing gradually becomes the research priority. Most studies concentrate on the analysis of influencing factors, or the evaluation of the economic and environmental performance in remanufacturing, while little effort has been devoted to investigating the critical factors influencing the eco-efficiency of remanufacturing. Considering the current development of the remanufacturing industry in China, this paper proposes a set of factors influencing the eco-efficiency of remanufacturing and then utilizes a fuzzy Decision Making Trial and Evaluation Laboratory (DEMATEL) method to establish relation matrixes reflecting the interdependent relationships among these factors. Finally, the contributions of each factor to eco-efficiency and mutual influence values among them are obtained, and critical factors in eco-efficiency of remanufacturing are identified. The results of the present work can provide theoretical supports for the government to make appropriate policies to improve the eco-efficiency of remanufacturing.
Introduction
In recent years, the manufacturing industry in China has been experiencing a boom. For example, in 2014, the production and sales of automobiles in China reached a volume of about 23 million, ranking first in the world [1] . Tremendous demand and sustainable growth of automobiles bring enormous end-of-life products, the disposal of which will result in resource waste and serious environmental pollution. One of the solutions to such problems is remanufacturing, which includes a series of processes like collecting, dismantling, cleaning, inspection classification, processing, assembly, machine testing, and packaging [2] .
The remanufacturing industry in China is in the initial stage but its development is very rapid. For example, the output value of automotive parts remanufacturing reached 8 billion yuan in 2012, and the reuse rate of recycled parts was 71.2% [3] . Furthermore, remanufacturing industry, as an important role of green economy, has been included in the "China manufacturing 2025" strategy. Chinese government has formulated a series of policies, regulations and measures to promote it [4] .
Compared with the manufacturing of new products, remanufacturing requires only 50% of the usual costs, and the consumption of energy and materials can be reduced to 60% and 70%, respectively [5] , thus greatly declining environmental damages and promoting the recycling and reusing of resources.
As for eco-efficiency, which places emphasis on the compromise between economic benefits and environmental performance, its fundamental principle is to achieve maximal economic efficiency with minimal resource consumption and environmental disruption [6, 7] . Consequently, research on eco-efficiency in remanufacturing will contribute to the solution of resources exhaustion and environmental failure and will push the construction of ecological civilization in China.
There are many factors that may affect the development of remanufacturing in China, including policy guidance, resource reserves like remanufacturing technology and equipment, and social acceptance of remanufactured products [8] [9] [10] . However, which factors exert significant influence on the eco-efficiency of remanufacturing, and how can the economic and environmental benefits of remanufacturing be achieved? These are crucial issues that should be addressed in order to realize sustainable remanufacturing and the circular economy in China.
Statistical approaches and expert evaluation methods have been applied to recognize critical factors in this complicated system. Nevertheless, remanufacturing in China is still in the preliminary stage of development. Due to the lack of sufficient samples on remanufacturing, some statistical methods (such as regression analysis and factor analysis) are very limited regarding the analysis of the eco-efficiency of remanufacturing. Furthermore, many traditional expert evaluation methods (such as Analytic Hierarchy Process, AHP) are based on the independence assumption, ignoring the interdependence and feedback among elements of the system. The ANP (Analytic Network Process) method can solve the interactions and feedback among elements, but it employs average methods to obtain the weighted super-matrix, and the results of assessed weights would be higher or lower than the real situation. Consequently, the treatments of inner dependences among factors are incomplete and imperfect [11, 12] . DEMATEL (Decision Making Trial and Evaluation Laboratory) has been considered an effective way to handle the inner dependences within criteria. It can show the causal relationships as well as the influencing strength among elements by structural modeling techniques, and is thus suitable for identifying critical factors in complex system [11, [13] [14] [15] [16] [17] [18] .
In this paper, a fuzzy DEMATEL method is proposed to analyze factors influencing the eco-efficiency of remanufacturing, which will be useful for the government to make suitable policies to regulate the remanufacturing market and guide the sustainable development of the remanufacturing industry in China.
Literature Review

Factors Influencing Remanufacturing
There are many factors affecting the development of remanufacturing. Zhang et al. [8] proposed crucial factors influencing automotive remanufacturing in China, and pointed out that different driver patterns should be exploited in different phases to improve the development of remanufacturing. Xia et al. [9] reported that shortage of funds for technology research, lack of tax incentives, and insufficient cores were the three most important barriers for automotive parts remanufacturers in China. Wei et al. [19] argued that the environmental and ethical responsibility, customer orientation, and strategic advantage brought by remanufacturing activities were the three main factors for Chinese remanufacturers to implement remanufacturing practices, and the low acknowledgement of recycled products by customer were the most serious barriers for remanufacturing in China. Yang et al. [20] analyzed factors affecting the eco-efficiency of remanufacturing on the basis of product design and the remanufacturing closed-loop supply chain. Abdulrahman et al. [21] and González et al. [22] made empirical analysis on critical elements of reverse logistics in Chinese manufacturing industry.
Evaluation on the Eco-Efficiency of Remanufacturing
Eco-efficiency involves economic and ecological benefits. Sabharwal and Garg [23] conducted an analysis on the economic viability of remanufacturing with the graph theoretic method and obtained the maximum and minimum value of remanufacturing cost benefits. Schau et al. [24] evaluated the cost of remanufactured alternators from the perspectives of remanufacturers with the LCC (Life Cycle Costing) method. Sundin and Lee [25] summarized the measuring methods for remanufacturing environmental performance. Kerr et al. [6] quantified eco-efficiency in remanufacturing through specific cases. Several researchers explored the impacts of remanufacturing on resources and the environment through different models [5, 26, 27] . Golinska and Kuebler [28] assessed the sustainability and maturity of remanufacturing enterprises from economic, environmental, and social dimensions. Quariguasi and Bloemh of [7] analyzed the eco-efficiency in the remanufacturing processes of electronic products. Rathore et al. [29] studied the sustainability of remanufacturing with a specific case in India.
The Application of DEMATEL Method in Identifying Important Factors
DEMATEL is a method for applying graph theories and matrix tools to examine elements in complicated and structural systems. In this method, essential elements are recognized through causal relationships among elements and the degree of importance that elements exert on the system target [9, 16, 17] .
Xia et al. [9] and Zhu et al. [10] applied the grey-DEMATEL approach to identify barriers of remanufacturing in China from different perspectives. Falatoonitoosi et al. [30] proposed evaluation indicators about the green supply chain and then adopted DEMATEL to evaluate the greenness of suppliers. The DEMATEL method was also used to evaluate the green corporate social responsibility of manufacturing enterprises [31] and to analyze critical criteria for the decision making of an equity investment [18] . In order to reduce subjective bias in the DEMATEL method, fuzzy set theory has been introduced in this method. Zhou et al. [13] and Govindan et al. [14] respectively utilized the fuzzy DEMATEL approach to identify crucial success factors of emergency management and to evaluate the driving force of corporate social responsibility in the mining industry. Lin [15] made an assessment on green supply chain management considering supply chain management practices, organizational performance and external drivers based on the fuzzy DEMATEL approach. Chang et al. [32] investigated the critical elements on the performance evaluation of the supplier with the DEMATEL method, and provided a reference for decision-making in supplier selection.
Gap Analysis and Research Highlights
From the literature review above, many studies focus on the analysis or evaluation of remanufacturing benefits, and it has been demonstrated that remanufacturing can yield tremendous benefits, drawing more people to participate in the remanufacturing industry. However, little effort has been made to investigate critical factors affecting the eco-efficiency of remanufacturing. Some early studies examined factors of remanufacturing, but without considering the eco-efficiency of remanufacturing. The DEMATEL method has been employed in the evaluation of green performance in different fields; however, it is rarely utilized in the remanufacturing field. To the best of our knowledge, there has been no research report on its application in the identification of curial factors in remanufacturing eco-efficiency.
To fill this gap, our study proposes a set of factors influencing the eco-efficiency of remanufacturing. Considering factors are unequal and independent, a fuzzy DEMATEL method is adopted to examine remanufacturing eco-efficiency from the perspective of multi-level and causal relationships. By exploring the contribution of each factor on eco-efficiency and interdependence relationships among factors, critical factors are obtained to improve the eco-efficiency of remanufacturing.
Factors regarding the Eco-Efficiency of Remanufacturing
With a focus on remanufacturing enterprises, the internal and external factors influencing the eco-efficiency of remanufacturing are proposed, and indicators regarding eco-efficiency are selected from economic and environmental dimensions. 
Dimensions
Factors Dimensions Factors
Internal factors
F1. Quantity of cores [9, 10] External factors F10. Design for remanufacturing [16, 21, 30] F2. Quality of cores [8, 16] F11. OEMs information sharing [8, 16, 33] F3. Recycling system [9, 23] F12. Policy guidance [8, 10, 19, 21, [34] [35] [36] F4. Information system [9, 16, 22] F13. Laws and regulations system [15, 19, 21, 33] F5. Quality management [10, 28] F14. Standards of remanufacturing industry [9, 37] F6. Pollution control [28] F15. Social awareness of recycling and remanufacturing [8, 21, 22] F7. Remanufacturing equipment [9, 21] F8. Key remanufacturing technology [2, 8, 37] F9. Remanufacturing technology R&D [10, 38] Economic benefits G1. Cost saving [23, 28, 38, 39] Environmental benefits G5. Emission reduction [14, 15, 25, 26] G2. Remanufacturing profits [26, 28] G6. Compliance rate of waste discharge [40] G3. Market occupancy [15, 19, 26] G7. Recycle and reuse rate of end-of-life products [23, 39] G4. Green image of corporation [14, 28] G8. Resources conservation [15, 27, 38] G9. Resource efficiency [28, 38, 40] 
Factors Affecting the Eco-Efficiency of Remanufacturing
3.1.1. Internal Factors F1: quantity of cores (used or discarded products which are the raw material of remanufactures). It is a fundamental guarantee for implementing remanufacturing practices. An insufficient number of cores is a critical barrier for remanufacturers in China [9, 10] . Therefore, this factor should be considered in the eco-efficiency of remanufacturing.
F2: quality of cores. It represents mainly the remanufacturing ratio of cores, which has a great impact on the eventual reuse rate of cores [8] .
F3: construction of a recycling system. It involves many bodies in recycling processes such as the owners of cores and recyclers, and it includes the establishment of recycling channels and reverse logistics systems. A completed recycling system improves the effective classification management of recycled products and makes the collection capacity coordinate with the remanufacturing scale [23] .
F4: establishment of an information system. It contains information during a series of processes like scrapping end-of-life products, collecting, transport, disassembly, remanufacturing, storage, and final disposal, as well as information about stakeholders in these procedures, such as original manufacturers, core owners, recyclers, and remanufacturers [9, 16, 22] .
F5: quality management. Quality management is not only to make products satisfy the quality standards and to ensure product safety and reliability, but also to make the remanufacturing process more economic and environmental [10] . Therefore, quality management has a direct impact on consumer decision-making and economic benefits of remanufacturers [28] .
F6: pollution control. The environmental contamination during recycling and remanufacturing processes is controlled through advanced equipment, technologies, and other measures in order to reduce emissions and achieve cleaner production [28] .
F7: remanufacturing equipment. It is the basis for implementing remanufacturing activities and reflects, to some extent, the capacity of the remanufacturing system [9, 21] .
F8: critical remanufacturing technology. It includes technology such as residual service-life prediction, nondestructive testing, economical and environment-friendly disassembly, cleaning and repairing etc. [2, 8] . Sophisticated remanufacturing technology ensures quality of remanufactured products and the recovery and reuse rate of cores [37] .
F9: remanufacturing technology research and development. Zhu et al. [10] and Jiang et al. [38] assumed that in sufficient technology research and development is an essential internal barrier for remanufacturers in China. In addition, research and development capability heavily depends on research funds and remanufacturing professionals.
External Factors
F10: Design for remanufacturing (DFR). It means design concepts that promote the remanufacture and reuse of end-of-life products at the beginning of the product life cycle, namely designing for disassembly, utilization of renewable or recycled materials, and exploiting remanufacturing labeling, etc. [16, 21, 30] .
F11: Original Equipment Manufacturers (OEMs) information sharing. It includes the sharing of product material information, such as the material type and its purity, and whether the material is recyclable or not. Information sharing facilitates recyclers or remanufacturers to deal with precious metals and toxic materials properly and to improve the recycling rate of cores [8, 16, 33] .
F12: policy guidance. The policies that exert influences on remanufacturing can be classified into two categories: financial incentives and restrictive policies. The former mainly includes subsidies and tax preferences for remanufacturing practices [21, [34] [35] [36] , while the latter includes authorization of components/products that can be recycled or remanufactured, and the permission of remanufacturers entering remanufacturing market [8, 10, 19] . Restrictive policies reduce the recovery and reuse ratio of cores and limit the scale of remanufacturers, while the reasonable policy guide is essential for stakeholders to achieve their own benefits.
F13: establishment and improvement of laws and regulatory systems. It includes laws and regulations that directly related with the recycling and remanufacturing of end-of-life products, and those related with the environment or circular economy that have an indirect impact on recycling and remanufacturing, and laws and regulations clearly defining the conception of extended producer responsibility and the scope of intellectual property rights [15, 19, 21, 33] .
F14: standards of the remanufacturing industry. It contains remanufacturing technology standards, quality inspection standards, remanufacturing product certification standards, etc. Xu et al. [37] argued that strict industry standards should be established for the rapid development of the remanufacturing industry in China.
F15: social awareness of recycling and remanufacturing. It includes the recycling perception, the cognition of remanufacturing benefits and the recognition of remanufactured products of stakeholders such as core owners, OEMs, remanufacturers, the government, and remanufactured product purchasers [8, 21, 22] .
Indicators on Eco-Efficiency of Remanufacturing
The eco-efficiency of remanufacturing is mainly embodied in two aspects: one is the cost saving brought by the reduction in energy and resources and the profits created by remanufacturing activities; the other is that remanufacturing achieves the recycling of resources and lowers waste emissions and resource consumption, lessening the negative impact on the environment [20] .
Economic Benefits
Economic benefits of remanufacturing are mainly reflected in costs and revenues. The former includes the expenditure on collecting cores (such as information and logistics costs, fees paid to the owners of cores), costs in remanufacturing procedures such as resources, costs, and operating costs. It also contains environmental expenses on disposal of waste [23, 28, 38, 39] . Revenues consist of profits, market occupancy, and indirect revenues yielded by the green image of the corporation [14, 15, 19, 23, 26, 28] . Economic benefits here are reflected through indicators of cost saving, remanufacturing profits, market occupancy, and the green image of the corporation.
Environmental Benefits
Environmental benefits are expounded through impacts of emissions on the environment and resource utilization in the remanufacturing processes [20, 26] . Emissions include gas waste, liquid waste, and solid waste in the remanufacturing processes [14, 15, 25] . Waste emissions, waste disposal and the eventual compliance rate of waste discharge can be used to determine whether the main factor affecting environmental performance is emissions or processing capacity [40] . Impacts of remanufacturing on resources are mainly reflected in two aspects: one is resource recycling brought by remanufacturing end-of-life products, the other is resource conservation and resource efficiency during remanufacturing processes [15, 23, 27, 28, [38] [39] [40] . Therefore, indicators of emission reduction, compliance rates of waste discharge, the recycle and reuse rate of end-of-life products, resource conservation and resource efficiency are chosen as a representation of economic performance.
Application of the Fuzzy DEMATEL Method in the Eco-Efficiency of Remanufacturing
In most cases, the DEMATEL method directly adopts crisp values to assess the degree of influence among elements, which ignores the fact that experts generally make fuzzy linguistic assessments according to their experience instead of crisp value evaluation [13, 32] . To reduce uncertainty in the subjective evaluation by experts, this paper introduces fuzzy theory in the DEMATEL method to analyze elements influencing the eco-efficiency of remanufacturing. Specific steps are shown as follows:
Step 1: based on the factors above, 24 factors affecting the eco-efficiency of remanufacturing are determined, represented by the set S = {s1,s2,…s24}. To make an assessment on interdependent relationships among these factors, a consultative group of experts is established, which consists of four academic experts in remanufacturing research and three senior management staff serving in a remanufacturing enterprise. This enterprise mainly engages in the manufacture and research of construction engineering, environmental engineering, and infrastructure such as agricultural machinery. It is also one of the "demonstration remanufacturers of construction machinery" released by the Ministry of Industry and Information Technology in China.
Step 2: the relationship between factors is measured with five linguistic terms including "no influence", "very low influence", "low influence", "high influence" and "very high influence", denoted as 0,1,2,3 and 4, respectively. According to the suggestion of the consultative group of experts, a direct-relation matrix reflecting the direct relationship among factors can be attained, as shown in Table 2 . F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  F13  F14  F15  G1  G2  G3  G4  G5  G6  G7  G8  G9   F1  0  0  3  2  3  2  3  2  2  0  0  3  2  0  2  4 0  4  0  2  3  3  0  2  2  0  3  3  2  3  0  4  1  1  3  3  1  4  3  2  F11  0  3  0  4  4  4  0  3  3  4  0  3  4  2  2  3  2  0  2  3  1  3  3  2  F12  4  3  2  3  2  2  3  4  3  3  3  0  3  3  4  4  2  3  3  3  2  3  3  1  F13  3  1  2  0  3  3  0  1  0  4  4  3  0  4  3  2  0  1  2  4  3  4  2  0  F14  0  0  0  0  4  3  1  4  4  2  3  3  2  0  1  2  1  2  3  4  1  2  3  2  F15  4  3  2  2  4  0  0  2  2  3  3  3  2  2  0  3  1  3  3  2  1  1  2  2  G1  2  2  2  2  0  0  1  2  2  2  1  0  0  0  0  0  4  3  3  1  0  3  3  2  G2  1  1  0  0  2  0  0  0  0  0  0  2  0  0  0  3  0  2  0  0  0  2  0  2  G3  0  0  0  1  2  0  0  0  0  0  0  2  0  0  1  0  3  0  1  0  0  0  0  0  G4  3  2  0  0  3  3  0  1  2  2  1  0  0  0  1  3  3  3  0  3  3 0  0  2  0  1  2  1  2  2  1  0  0  0  4  3  3  3  4  2  0  0  2  G9  0  0  0  0  2  0  2  2  2  0  0  0  0  0  0  3  3  0  3  3  1  0  4  0 Step 3: converting vague language into triangular fuzzy numbers. According to Karsak and Tolga [41] , triangular fuzzy numbers can effectively quantify the uncertainty of complicated systems with simple calculations, and are thus utilized in this paper to deal with linguistic evaluation. A set of triangular fuzzy numbers is set a as A (m, n, r), in which m and r respectively denote the lower and upper limits of fuzzy value, n is the most possible value. The membership function u (x) is defined as follow:
x − m n − m ; (m < < ) x − r n − r ; (n < < ) 0; the rest where, 0 ≤ u (x) ≤ 1, m, n and r are real numbers With it, the linguistic evaluations can be converted into triangular fuzzy numbers, as shown in Table 3 . Table 3 . Fuzzy linguistic scale.
Linguistic Evaluation Influencing Numbers Triangular Fuzzy Numbers
Very Step 4: Fuzzifying the direct-relation matrix Due to the simplicity of the centroid method and the fact that it unnecessarily considers the preference of decision-makers [42] , it is employed in this paper to transform triangular fuzzy numbers into crisp values. Equation (1) shows the centroid method, where f represents the obtained crisp value, and r, m, n denote the parameters in the triangular fuzzy number A defined in Step 3. After the defuzzification of the linguistic evaluation, a matrix is constructed, where yij represents the transformation value of the direct impact that factor yi exerts on factor yj.
Step 5: Normalizing the matrix Y. The normalized direct-relation matrix is determined by Equation (2), where 0 < bij < 1. With Equation (2), at least rows or columns in matrix Y can be standardized, so that the calculation accuracy can be improved [17] .
Step 6: Calculating the total relation matrix. The total relation matrix T = B + B 
where E represents the unit matrix, and tij denotes the indirect influence of ti on tj.
To simplify the process of identifying critical factors, it is necessary to set a threshold value to eliminate minor influence values and remain larger ones. Generally, threshold value is obtained by the value of average or the value of it plus standard deviation of the total-relation matrix [9, 10, 16] . Owing to the large number of factors in this paper, a relatively high threshold value (sum of the average and the standard deviation) is set to cope with influence values in matrix T [9] . Thus, the threshold value equals 0.101170. Values greater than the threshold are represented in bold, and the total relation matrix is obtained and shown in Table 4 .
Step 7: Calculating the sum of each row and the sum of each column in matrix T. Let R be the sum of rows in matrix T, and D be the sum of columns calculated with Equations (4) and (5), respectively. The value of Ri denotes both the direct and indirect influence that factor i exerts on other factors, while Dj indicates the total direct and indirect effect that factor j receives from the others. Fori = j, (Ri + Di) represents the prominence of a factor in remanufacturing eco-efficiency, and the value has a positive correlation with prominence. In addition, the value of (Ri − Di) indicates the net impact of the factor on remanufacturing eco-efficiency. Final results are presented in Table 5 . F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  F13  F14  F15  G1  G2  G3  G4  G5  G6  G7  G8 Step 8: Constructing a casual diagram With R + D being the horizontal axis, and R − D the vertical axis, a causal diagram is constructed to analyze the importance of each factor to remanufacturing eco-efficiency (Figure 1 ). When the factor is located above the horizontal axis, namely its value of R-D is positive, it means that the effect of this factor exerted on other factors is greater than that received from others. So the factor is a net causer and is then classified in the cause cluster. In contrast, when the value of R-D is negative, the factor is a net receiver and is then grouped in the effect cluster. Effect factors are affected by cause factors, influencing it the manufacturing eco-efficiency directly. 
Analysis on the Factors Affecting the Eco-Efficiency of Remanufacturing
Identifying Critical Factors
Generally, the values of (R + D) and (R − D) are used to examine the degree of importance of each factor on the system objective and the interdependence among factors. But these two parameters alone will likely lead to analysis results that are not consistent with the practical situation. Therefore, the value of R and D should be considered when critical elements are determined, in order to synthesize the impact of elements on system goals [9, 16] . Specific analysis will be made in the following sections in accordance with Table 5 and Figure 1 .
Cause Cluster
Social awareness of remanufacturing is shown to have the highest value of (R − D), which means that this factor is the primary causal criterion. In addition, the fifth ranking of R score and the relatively low ranking of D value indicate that the impact these factors are exerting on others is great while the effect it receives is minuscule. Consequently, social awareness of remanufacturing plays a leading role in the system. Policy guidance is the second causal factor and its values of (R + D) and R are both on the top of all factors, indicating that policy guidance is of considerable significance to remanufacturing eco-efficiency.
OEMs information sharing is shown to have great effects on the target, with the comparatively top-ranking (R + D) and the third position of both (R − D) and R scores.
The laws and regulations system ranks fourth in both (R − D) and R values, which means this factor affects remanufacturing eco-efficiency mainly through causal relationships with others, exerting leading effects among other factors. 
R-D R+D
The information system factor has a fifth position in (R − D) values and a lower ranking of (R + D) and a medium R score, indicating that it has a comparatively small contribution to remanufacturing eco-efficiency and the degree of total influence on others is moderate. Thus, it cannot be recognized as a critical element. Similarly, standards of the remanufacturing industry and quantity of cores are not meaningful factors either.
Critical remanufacturing technology is demonstrated to be a net causer with the (R − D) value of 0.473. Furthermore, its (R + D) and R values rank second, indicating the contribution of this factor on eco-efficiency is considerable and the impact it is exerting on others is significant. Therefore remanufacturing technology can greatly contribute to the eco-efficiency of remanufacturing.
DFR have scores of (R + D), (R − D) and R ranking fourth among all factors, which illustrates that the degree of significance, the net effect on eco-efficiency, and the impact on other factors are all comparatively large. Therefore the DFR factor cannot be ignored in the analysis of important criteria of remanufacturing eco-efficiency.
Recycling system, pollution control, quality of recycled products, and other factors are placed in the cause group, providing some impact on the eco-efficiency of remanufacturing, but scores of (R − D) are relatively small, which indicates their net effects on eco-efficiency are limited. In addition, scores of (R + D) and R are not large. So these factors are not considered important.
Effect Cluster
The effect group is generally viewed as results from cause factors, so it is inappropriate to recognize them as significant criteria. However, there exist some special cases in which effect factors make great contributions to a system objective. As a consequence, an in-depth analysis should be made for effect factors to identify critical factors on remanufacturing eco-efficiency.
Quality management: With the (R − D) value slightly less than 0, the fourth ranking of (R + D) and a comparatively high value of R, quality management is slightly influenced by causal factors, but its significance to remanufacturing eco-efficiency is great. The impact of quality management cannot therefore be neglected when analyzing eco-efficiency of remanufacturing.
As for cost saving, although it has the third ranking of (D + R) score, its (R − D) is far less than zero and the D value is largest, meaning cost saving has a great contribution to remanufacturing eco-efficiency, but it can be easily influenced by other factors. For the same reason, the green image of a corporation is not the critical factor. But considering their prominence in the eco-efficiency of remanufacturing, it is necessary to conduct a further study on elements affecting these criteria, reversely reasoning crucial criteria that affect the eco-efficiency of remanufacturing. Accordingly, their great indirect effect can be fully achieved. With regard to the recycle and reuse rate of end-of-life products, its scores of (R − D), (R + D), R are −0.0685, 3.655 and 1.793 respectively, all of which are not high, so it cannot be classified as one of the critical factors. Similarly, other factors in the effect cluster are not essential to the eco-efficiency of remanufacturing.
Further Analysis on the Critical Factors
From previous analysis, seven crucial criteria which affect the eco-efficiency of remanufacturing are identified, which include six cause factors and one effect factor, namely, policy guidance, social awareness of remanufacturing, OEMs information sharing, laws and regulations system, critical remanufacturing technology, DFR, and quality management.
Regarding the social awareness of remanufacturing, the increasing remanufacturing awareness impels the government to develop appropriate incentive policies and legislations to regulate and guide behaviors of the remanufacturing stakeholders [8] . Meanwhile, the cognition of remanufacturing makes more remanufacturers enter the market to undertake remanufacturing activities. They adopt advanced technology to enhance the recovery and reuse ratio of cores, and exploit clean materials to realize the clean production during remanufacturing processes, while taking account of the environmental benefits while in pursuit of economic interests [9] . In addition, the perception and recognition of remanufacturing also actuate OEMs to design for remanufacturing and share their information to help other remanufacturers to implement remanufacturing businesses [27] . With respect to consumers, on one hand, as owners of cores, recycling consciousness motivates them to actively scrap end-of-life products, improving the recovery rate of these products; on the other hand, recognition of remanufactured products pushes consumers to make purchasing decisions, so the value of remanufactured products can be realized. Public awareness prompts remanufacturing stakeholders to join the remanufacturing industry with an active attitude and ensure the realization of remanufacturing eco-efficiency [19] .
Policy guidance: at present, the remanufacturing in China is still at the primary stage, accompanied with many barriers for realizing remanufacturing eco-efficiency. Chang et al. [35] argued that appropriate police guidance is required to conduct behaviors of stakeholders and promote the sustainable remanufacturing. For example, financial subsidies or tax breaks should be provided for customers who scrap end-of-life products or purchase remanufactured products, for the enterprises that engage in recycling and remanufacturing activities or adopt environmentally friendly materials and technology, and for OEMs because of its DFR or information sharing [8, 14] . Meanwhile, reasonably loosening restrictions on remanufactured products and allowing more qualified remanufacturers to enter the remanufacturing market will promote the prosperity of the remanufacturing market [21] .
OEMs information sharing: Du et al. [27] emphasized the importance of OEMs in remanufacturing practices. Information sharing promotes OEMs to design for remanufacturing, decreasing impacts on environment in the design phase; Besides, it helps remanufacturers choose appropriate techniques to remanufacture end-of-life products and make a reasonable decision on the disposal of these products. OEMs own intellectual property rights of original products and have a precise understanding of product structure, material composition, and the adopted technical standards, etc. [16] . Therefore, once OEMs limit the remanufacturing activities of remanufacturers through intellectual property rights, the recycling of discarded products will be directly affected and the economic and environmental benefits of remanufacturing will be difficult to achieve.
Laws and regulations system: in the current recycling market in China, a considerable quantity of end-of-life products have entered the market in informal channels, causing an enormous waste of resources and secondary environmental pollution [4] . In addition, refurbished and shoddy products capture the market of remanufactured products and lower public recognition of remanufactured products [33] . Hence, establishing a laws and regulations system to regulate the recycling and remanufacturing market becomes the top priority to enhance the eco-efficiency of remanufacturing. In addition, as for OEMs, the extended producer responsibility system should be concisely clarified in the form of laws and regulations rather than policies. Moreover, the producer obligations and the recycling rate should be clearly stipulated. Furthermore, the scope of intellectual property rights needs to be clearly defined to promote the sharing of product information [8] .
Remanufacturing technology and DFR: technical factors of remanufacturing include DFR before remanufacturing and remanufacturing technology during remanufacturing processes. DFR has a direct impact on the remanufacturing rate and the reuse ratio, which will decrease costs and emissions during the remanufacturing process, and increase the eco-efficiency of remanufacturing [20] . Remanufacturing technology guarantees the safety and reliability of remanufactured products and promotes consumers choosing remanufactured products [2, 5] . Accordingly, DFR ensures the formation of remanufacturing rates in the design stage while remanufacturing technology improves the achievement of remanufacturing rates in the remanufacturing processes [9] , both of which make great contributions to cost saving and resource recycling.
Quality management: according to Yao et al. [43] , concerns of consumers regarding product quality limit the market occupancy of remanufacturing products and hamper the implementation of economic performance generated in remanufacturing activities. Except for making remanufactured products meet the quality and performance requirements, the quality control of remanufacturing processes maximizes the recycling of resources and promotes resource conservation and emission reduction, which makes significant contributions to the sustainable remanufacturing [28] .
From the seven critical factors discussed above, it can be concluded that at the current stage of remanufacturing in China, the eco-efficiency of remanufacturing is realized mainly through external factors such as the laws and regulations system, policy guidance, OEMs information sharing, and the growth of public awareness. In addition, to achieve eco-efficiency of remanufacturing, remanufacturers should master sophisticated remanufacturing technology to make a precise evaluation on the remanufacturing rate of cores and then implement it. They are also required to exploit appropriate techniques during the remanufacturing process to maximize the recycling and reusing ratio of cores and minimize the impact on the environment simultaneously. Additionally, remanufacturers need monitor the quality of remanufactured products, ensuring that customers can purchase products with a quality similar to new products and with less cost.
Conclusions
In order to achieve the potential economic and environmental benefits in remanufacturing and to provide the decision-making theoretical basis for the government to instruct the development of sustainable remanufacturing, this paper establishes a factor set affecting the eco-efficiency of remanufacturing on the basis of the current development of remanufacturing in China and the opinions of experts and scholars as well. Considering inter-connections among factors and subjective fuzziness in the expert evaluation process, we utilize the fuzzy DEMATEL approach to identify crucial factors affecting the eco-efficiency of remanufacturing. Firstly, the direct-relation matrix and total-relation matrix are built up according to mutual relationships among factors. Then, the contribution of each factor on the eco-efficiency of remanufacturing and the interdependence relationships among factors is obtained, by which seven essential factors are determined accordantly. The study in this paper shows that at the current stage in China, the eco-efficiency of remanufacturing is improved mainly through the external factors such as a completed legislation system, policy guidance, OEMs information sharing, and growth of public awareness; and through the internal factors such as advanced remanufacturing technology, and quality management of the remanufactured products.
Furthermore, these critical elements involve government, consumers, OEMs, remanufacturers, and other stakeholders. Hence, for achieving eco-efficiency of remanufacturing in China, the following suggestions are provided in accordance with different stakeholders. For government, on one hand, it should enact policies to strengthen the public consciousness of recycling and remanufacturing, and to guide the behaviors of remanufacturing stakeholders. On the other hand, legislation should be completed to regulate the recycling and remanufacturing market, and to clearly define the responsibilities and obligations of stakeholders. In order to assume the responsibility of recycling products, OEMs should consider environmental factors in the design stages and improve remanufacturing activities by information sharing and design for remanufacturing. Remanufacturers, as the primary implementer of remanufacturing, should possess sophisticated remanufacturing technology to improve the recycling rate of cores and promote resource conservation and emissions reduction in the remanufacturing processes. Quality management is also required to eliminate concerns of consumers about the quality of remanufactured products, thus expanding the market occupancy of these products.
